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ABSTRACT

We analyze Goddard High-Resolution Spectrograph data to infer the properties of local interstellar

gas and the deuterium/hydrogen (D/H) ratio for lines of sight toward four nearby late-type stars--HR
1099, 31 Comae, fl Ceti, and fl Cassiopeiae. The data consist of spectra of the hydrogen and deuterium

Lya lines, and echelle spectra of the Mg n h and k lines toward all stars except fl Cas. Spectra of the RS
CVn-type spectroscopic binary system HR 1099 were obtained near opposite quadratures to determine
the intrinsic stellar emission line profile and the interstellar absorption separately. Multiple-velocity com-

ponents were found toward HR 1099 and fl Cet. The spectra of 31 Com and fl Cet are particularly
interesting because they sample lines of sight toward the north and south Galactic poles, respectively, for
which H I and D I column densities were not previously available.

The north Galactic pole appears to be a region of low hydrogen density like the "interstellar tunnel"
toward E CMa. The temperature and turbulent velocities of the local interstellar medium (LISM) that we
measure for the lines of sight toward HR 1099, 31 Com, fl Cet, and fl Cas are similar to previously
measured values (T _ 7000 K and _ = 1.0-1.6 km s-1). The deuterium/hydrogen ratios found for these
lines of sight are also consistent with previous measurements of other short lines of sight, which suggest

D/H m 1.6 x 10-5. In contrast, the Mg abundance measured for the fl Cet line of sight rimplying a
logarithmic depletion of D(Mg)= +0.30_ 0.15] is about 5 times larger than the Mg abundance pre-

viously observed toward a Cen, and about 20 times larger than all other previous measurements for the
LISM. These results demonstrate that metal abundances in the LISM vary greatly over distances of only

a few parsecs.
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1. INTRODUCTION

The echelle gratings and Digicon detectors in the Hubble
Space Telescope's (HST) Goddard High-Resolution

Spectrograph (GHRS) make the GHRS an excellent instru-
ment for studying narrow absorption lines formed by the
interstellar medium. With this instrument, one can obtain

both high spectral resolution (2/A2 _ 86,000; Av _ 3.5 km

s -1) and high signal-to-noise ratio (S/N). The use of the
0':25 x 0':25 small science aperture (SSA) suppresses geo-
coronal Lye emission, provides a well-characterized instru-
mental profile with relatively little scattered light, and
provides an accurate wavelength scale. For a description of
the GHRS instrument, see Brandt et al. (1994) and Heap et

al. (1995). Soderblom et al. (1994) have described the
improved characteristics of the GHRS after the repair
mission when the COSTAR optics were installed on the
HST. Although interstellar lines in the ultraviolet were
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studied with the Copernicus and the International Ultraviol-
et Explorer (IUE) spacecraft, the superior properties of the
GHRS provide the opportunity to address a whole new
range of interstellar medium questions and to reexamine
previously studied issues from a fresh perspective.

The analysis of GHRS echelle spectra of nearby stars has
allowed us to address four important but closely inter-

related questions. First, the dynamics and structure of the
warm interstellar gas near the Sun (the so-called local inter-
stellar medium or LISM) can be studied by measuring the
velocities of interstellar absorption features along many
lines of sight and by determining whether the absorption
lines are composed of several velocity components.
Lallement & Bertin (1992) and Lallement et al. (1995) con-
cluded that nearly all lines of sight toward nearby stars
show Mg iI and Fe II absorption lines consistent with a flow
vector in the heliocentric rest frame with a magnitude of

26 __ 1 km s -_ moving toward Galactic coordinates
l= 186°_+ 3° and b =-16°_+ 3° . This result, and the
observation that neutral helium flowing through the helio-

sphere has about the same velocity vector, led Lallement &
Bertin (1992) to conclude that the Sun is located inside a
cloud (called the local interstellar cloud or LIC) that
appears to move through the Galaxy as a rigid body and
extends for several parsecs in some directions. The presence
of additional discrete velocity components, even toward

nearby stars like Sirius (2.7 pc), Procyon (3.5 pc), and Altair
(5 pc), indicates that there are other warm interstellar clouds
outside of the LIC. Linsky, Piskunov, & Wood (1996) have

presented three-dimensional morphologies of the LIC and
the total amount of gas in the LISM based on all of the
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TABLE 1

SUMMARYOFGHRS OBSERVATIONS

Proposal Observation Grating Central 2 Duration
Start Time a Number Identification Order (/_) (s) Aperture Phase

HR 1099 = HD 22468 (K0 IV + G5 V) (l = 185°, b = -41 °, d = 36 pc)

1993 Sep 14 18:48 ...... 4873 Z1GT0202 G160M 1223 3917 SSA 0.24
1993 Sep 15 02:34 ...... 4447 Z1GV0806 EB-20 2800 109 LSA 0.34
1993 Sep 18 15:49 ...... 4447 Z1GVOC06 EB-20 2800 109 LSA 0.59
1993 Sep 19 01 :16 ...... 4874 Z1GU0703 EB-22 2600 979 SSA 0.73
1993 Sep 19 17:43 ...... 4447 Z1GV0206 EB-20 2800 109 LSA 0.97
1993 Sep 21 21:02 ...... 4874 Z1GU0503 EB-20 2800 1414 SSA 0.73
1995Jul 09 17:42 ....... 5733 Z2NG0108 EA-46 1215.7 3917 SSA 0.85

31 Com = HD 111812 (GO III) (I = 115°, b = +89 °, d = 80 pc)

1994 Nov 07 20:33 ...... 5323 Z2DC010BT G160M 1222.6 646 SSA ...
1994 Nov 07 19:10 ...... 5323 Z2DC0108T EB-20 2797.7 1293 SSA ...

/_Cet = HD 4128 (K0 III) (1= 111°, b = -81 °, d = 16 pc)

1994 Jun 02 21:25 ...... 5323 Z2DCO2OBT G160M 1222.6 323 SSA ...
1994 Jun 02 21:13 ...... 5323 Z2DC0208T EB-20 2797.8 323 SSA ...

fl Cas = HD 432 (F2 IIl-IV) (l = 118°, b = -3 °, d = 14pc)

1995 Nov 22 15:30 ...... 6067 Z2ZD010GT G140M 1215 1414 SSA ...

"This first column lists the year, day of year, and Universal Time in hours and minutes at which each observation began.

published GHRS data and the Extreme-Ultraviolet
Explorer (E U VE) spectra of hot white dwarfs.

Second, one would like to measure the physical proper-
ties of the LIC and the other nearby clouds, including such

quantities as their temperature, density, degree of ioniza-
tion, turbulence, shear, rotation, and magnetic field
strength. High-resolution profiles of absorption lines of
both low-mass (e.g., hydrogen and deuterium) and high-
mass (e.g., Mg n and Fe n) ions along relatively simple lines
of sight provide the opportunity to infer both the tem-

perature and the nonthermal velocities (often called
turbulence). Applying this technique to the Capella line of
sight, which has only one velocity component, Linsky et al.

(1993, hereafter Paper I) measured the temperature
(T = 7000 ___900 K) and turbulence (4 = 1.6 +_0.6 km s- 1)
of the LIC. Both quantities include estimates of the system-
atic errors associated with the uncertain stellar intrinsic

emission line profiles of the spectroscopic binary. Analysis
of the Procyon line of sight by Linsky et al. (1995, hereafter

Paper II) led to a similar temperature (T = 6900 __ 380 K)
but a somewhat smaller value for the turbulence

(4 = 1.21 _ 0.27 km s-1). On the other hand, the line of
sight to 0_ Cen A and 0_ Cen B (Linsky & Wood 1996,
hereafter Paper III), which passes through another cloud

(the so-called Galactic or G cloud), is characterized by a
lower temperature (T = 5400_ 500 K) but a turbulence
value (4 = 1.20 _ 0.25 km s-1) similar to that found for the

Procyon line of sight through the LIC.
Third, one would like to measure the chemical composi-

tion and ionization in the local clouds, and especially the

deuterium/hydrogen (D/H) ratio, which can be related to

the primordial D/H ratio. The latter is an important con-
straint on models of the early universe, since it is a critical
parameter for measuring the baryon density. An accurate
determination of the D/H ratio is made difficult by (1) the
unknown intrinsic stellar Lye emission line against which
the interstellar H and D absorption must be measured and
(2) the very saturated H Ly_ absorption. (Typical line-

center optical depths are 105.) One way to minimize errors
in the derived D/H ratio is to observe a spectroscopic

binary system at opposite quadratures, so that the broad
composite emission line produced by the two stars has a
different shape and radial velocity at the two orbital phases,
whereas the interstellar absorption should not change.
Using this technique in Paper II, we were able to derive

D/H = 1 _n+o.14 5..... o.19 x 10- for the Capella line of sight. By

comparison, analyses of the low radial velocity single stars
Procyon (Paper II), e Cen A, and e Cen B (Paper III) led to

D/H ratios consistent with this value, but with much larger
uncertainties. Wood, Alexander, & Linsky (1996a, hereafter
Paper IV) developed another technique for inferring the
value of D/H toward the high radial velocity star • Ind. The

large Doppler shift between the star and the interstellar
absorption permitted them to infer the H column density
from the optically thin H absorption line wings rather than
from the saturated core. They inferred D/H =

(1.6 _+ 0.4) x 10-5 for this line of sight, and a similar value
for the 2 And line of sight. Thus, it now appears that the

D/H ratio does not vary significantly with location in the
LISM, but more lines of sight must be studied to verify this
tentative result.

Fourth, interesting physical processes occur when the
inflowing, partially ionized interstellar gas interacts with the
ionized hot wind of the Sun and other stars. Theoretical

studies (e.g., Baranov & Malama 1995; Williams et al. 1997;
Pauls, Zank, & Williams 1995), which include charge-
exchange interactions between the inflowing hydrogen
atoms and the outflowing solar wind protons, predict that,
near the heliopause, there should be a region of higher
density, warm, decelerated neutral hydrogen called the
"hydrogen wall." In Paper III, Linsky & Wood observed
additional absorption on the long-wavelength side of the
interstellar hydrogen absorption toward e Cen A and e Cen
B, which they concluded is absorption by the hydrogen wall
gas around the Sun. They found that neutral hydrogen in
the wall has a temperature of T = 29,000_ 5000 K, a
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columndensityof logNHI----= 14.74 _+ 0.24 cm -2, and a

velocity about 4 km s-1 slower than the interstellar inflow
velocity. As detailed in Paper IV, Wood et al. discovered
hotter hydrogen walls around the stars _ Ind and 2 And,
with the higher temperatures probably resulting from the
larger velocity differences between the interstellar gas and
the stellar motion.

These four major questions cannot be addressed in iso-
lation. For example, the presence of several velocity com-
ponents must be included when analyzing the line profile
shapes, in order to infer the temperature of the LISM and
the D/H ratio. Also, the presence of hydrogen walls around
the Sun and stars can change the apparent shape of the

interstellar absorption, and thus change the inferred D/H
ratio by a factor of 2.

In this paper, the fifth in our series, we analyze the GHRS
spectra of four stars in order to answer the first three ques-
tions for the LISM gas along new lines of sight. We will

analyze echelle spectra of the Lye, Mg II, and Fe II lines
toward the RS CVn-type spectroscopic binary system HR
1099 (G5 IV + K1 IV). Near one quadrature (phase 0.85),
we have an echelle spectrum of the Lye line, but near the

opposite quadrature (phase 0.24), we have a lower
resolution (2/A2 _ 16,000; Av_ 18.75 km s -i) G160M

spectrum of this line. We also analyze G160M spectra of 31
Comae (GO IIIp) and fl Ceti (K0 III), and a G140M spec-
trum of fl Cassiopeiae (F2 Ill-IV), which has a resolution of
2/A2 _ 21,000 and Av _ 14.3 km s-1. Although the spectra
for the latter three stars were obtained primarily for other
purposes and are not ideal for interstellar studies, they do

provide useful interstellar data with somewhat lower accu-
racy than the HR 1099 data. Also, these three stars sample
the LISM along previously unexplored lines of sight,
including both Galactic poles. The Galactic coordinates of
the stars are listed in Table 1.

In addition to the lines of sight previously mentioned, the
GHRS also has been used to study the lines of sight toward
G191-B2B (Lemoine et al. 1996), Sirius (Lallement et al.
1994), e PsA (Ferlet et al. 1995), Altair, Vega,/_ Pic, 6 Cas
(Lallement et al. 1995), and E CMa (Gry et al. 1995).

2. GHRS OBSERVATIONS

Table 1 summarizes the circumstances of the GHRS
observations of the four stars. The data were obtained

under six observing programs (listed in the second column
of the table) with principal investigators J. L. Linsky
(programs 4873, 4874, and 5733), R. C. Dempsey (program
4447), and T. R. Ayres (programs 5323 and 6067). The first

column of the table lists the year, daY of year, and Universal
Time in hours and minutes at which each observation

began. The data for HR 1099 were obtained on 1993 Sep-
tember 14-21 and 1995 July 9. The data for the other stars
were obtained on 1994 June 2, 1994 November 11, and 1995

November 22. The remaining columns of the table contain
the observation identification (useful for accessing the data
in the HST archive), the grating and echelle order number
(EA and EB refer to the short- and long-wavelength echel-
les, respectively), the central wavelength of each spectrum,
the effective integration time, and the orbital phase (for HR

1099). Table 1 lists observations obtained through the SSA
and those obtained through the large science aperture

(LSA). The data were processed with the version of
CALHRS software available in 1995. The EA data for HR

1099 were obtained by using the FP-SPLIT mode to reduce
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the fixed-pattern noise. The individual readouts of the FP-
SPLIT spectra were combined by using a cross-correlation
procedure called HRS_MERGE (Robinson et al. 1992).
Images of the Pt-Ne calibration lamp, taken prior to or
immediately following all of the observations, were used to
calibrate the wavelengths of the spectra.

3. ANALYSIS OF THE LINE OF SIGHT TOWARD HR 1099

HR 1099 (=V711 Tau = HD 22468) is a double-lined RS
CVn-type spectroscopic binary system (K1 IV and G5 IV)
with a very high level of activity. The stellar components
have masses of 1.4 and 1.1 M o with radii of 3.9 and 1.3 R o,
respectively. The orbital period is 2.84 days, and the system
is located 36 pc from the Sun (Strassmeier et al. 1993). The
projected radial velocities vary with amplitudes of 62.8 (K1
star) and 50 (G5 star) km s -1, and the ? velocity is -15.4
km s- 1 (Donati et al. 1992).

Photometric observations of HR 1099 revealed the pres-

ence of a complex pattern of cold spots in the stellar photo-
spheres (Henry et al. 1995), which change with time.
Doppler and Zeeman-Doppler maps of the photosphere of
the primary have been generated by using optical spectros-
copy (Vogt 1988; Donati et al. 1992).

Using IUE observations of HR 1099, Ayres & Linsky
(1982) found that the K star produces most of the UV emis-
sion in the system. HR 1099 has a very high X-ray
luminosity, log Lx= 31.38 (Dempsey et al. 1993), and
shows many other signatures of high activity, including
strong Lye and Mg II h and k emission. Both Ly_ and Mg n
h and k emission provide bright background "continua"
against which to analyze interstellar absorption lines.
Observations at different orbital phases, especially near

quadratures where the orbital Doppler shifts are largest,
may provide the information required to infer the intrinsic
emission line profiles.

Several sets of GHRS observations of HR 1099 were

available for this work. The Mg II h and k lines were
observed with the EB grating at four phases: 0.34, 0.59, 0.73,

and 0.97 (Fig. 1). The phase 0.73 spectrum (Fig. lc), which
has a much higher S/N because of its longer exposure time

(see Table 1), was selected as the primary data set for our
analysis. The stellar Mg n lines in the spectrum were
analyzed in detail by Wood et al. (1996b). Dempsey et al.
(1996) have discussed the variability of the Mg II profiles
present in the entire data set.

Lye profiles where obtained at phases 0.24 and 0.85 by

using the G160M and EA gratings, respectively (Fig. 2). The
spectra at both phases show broad interstellar H I absorp-
tion centered at 1215.8 _k and a much narrower D I line

centered at 1215.4 _. Geocoronal emission present in the

middle of the interstellar H I absorption line was fitted with
a Gaussian and subtracted from the data. We also sub-

tracted scattered light (1.3 x 10 -i3 ergs cm -2 s -1 /_-i for
the G160M spectrum and 4.7 x 10 -ia ergs cm -2 s -i/_-a
for the EA spectrum) as the interstellar H I opacity com-
pletely absorbs all of the stellar flux at line center. Unfor-
tunately, the radial velocity variation amplitude for HR
1099 (_113 km s -1) is not sufficient to shift the Lye emis-
sion of the two stellar components completely out of the
saturated interstellar core. We also see indications of a

change in the intrinsic profile between the two exposures,
which is not surprising considering the high level of activity
in the system. We have therefore adopted the following
method of analysis:
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FIG. 1.--The three-component fit to the ISM absorption in Mg II h and k lines toward HR 1099 in the heliospheric rest frame. In each panel, the h line is

on the top. Left panels: the original data for phases (a) 0.36, (b) 0.59, (c) 0.73, and (d) 0.97. Smooth solid lines: our reconstruction of the intrinsic profile. Double
lines: our model of the ISM absorption. Right panels: the ISM profiles normalized by intrinsic stellar emission. Dashed lines: the individual ISM components,

and the thick solid line represents the total absorption.

1. Use the Mg II h and k lines to determine the number of
velocity components of the interstellar medium (ISM)
absorption and to derive their velocities, line widths, and
column densities.

2. Apply the ISM absorption parameters obtained from
the Mg II lines to Lya in order to derive the interstellar H I
column density and the D/H ratio, with reasonable assump-
tions about the intrinsic stellar emission line profile.

3.1. Mg II h and k Interstellar Absorption

The relatively small optical depth and thermal width of
the interstellar Mg II h and k lines make them very suitable
for identifying ISM absorption components. We analyzed
the phase 0.73 spectrum (Fig. lc) because of its high S/N,
the use of the SSA to achieve the best resolution; and the
location of the interstellar absorption on a nearly horizon-
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FIG. Z--The original GHRS observations of Lye profiles of HR 1099
in the rest frame of the Sun: (a) G160M observation at phase 0.24; (b) EA
observation at phase 0.85. Geocoronal emission is visible in the middle of a
broad absorption by interstellar hydrogen.

tal portion of the emission profile. We reconstructed the
intrinsic profile of Mg u h and k lines by fitting fifth-order
polynomials to the data points in the intervals (-40 km
s-1 _10 km s-1 and +32 km s-', +80 km s-2). The
interstellar profiles of the h and k lines were fitted simulta-
neously with multiple Gaussians by using nonlinear least-
squares optimization (Bevington & Robinson 1992). The
shape of the ISM absorption suggests the presence of more
than one velocity component. Our attempt to make a two-
component fit failed because it required an unrealistically
large Doppler parameter of one of the components. The
three-component fit (Fig. 1) gives satisfactory results in
terms of the residual X2 value and parameter range. Table 2
lists the derived parameter values (central velocities,
Doppler parameters [b], and Mg It column density

[-NMglI]), together with random errors estimated by Monte
Carlo techniques. Figure 1 shows that the parameters of the
fit, derived for phase 0.73, lead to good agreement with
other observations.

3.2. Hydrogen and Deuterium Lya Interstellar Absorption

The major problem in deriving interstellar column den-

sities for H I and D I from the Lya profile is the unknown
intrinsic shape of the stellar emission line. Even though the
epochs of our GHRS observations were selected such that
the stellar emission from both stars has maximum Doppler
shifts relative to the interstellar line, the width of the satu-
rated H I absorption is so large that part of the intrinsic
stellar profile can never be observed. In addition, one
expects that such a highly active object as HR 1099 will
have spatially inhomogeneous and time-variable Lye emis-
sion. It is also not clear whether the G star contributes

significantly to the total Lya flux.
We deal with these complications by using Ockham's

razor (Ockham, ca 1320), starting with the simplest assump-
tion and adding more complexity (if not realism) to our
model until we can reproduce the observations.

For the two stars of the Capella binary system and for the
G8 III star 5 Lep, there appears to be a strong similarity
between the Mg II h and k line profiles and the Lye profiles,
when the profiles are compared on the same wavelength
scale rather than on the same velocity scale (Neff et al. 1990;
Ayres et al. 1993). We found that the same empirical rule
holds for HR 1099, except that the contribution of the G
star is clearly visible in the Mg II lines but not Lya (see
Wood et al. 1996b). We therefore started our analysis by
assuming that the intrinsic Lya profile has the same shape
as the Mg IIk line. The two observed Lya profiles of HR
1099 (Fig. 2) contain different total fluxes with about 15%
more flux at phase 0.24 (Fig. 2a), even though the ISM line
is better centered on the stellar emission. This finding sug-
gests that the intrinsic profile varies with phase or time. We
therefore allowed our X2 minimization procedure to scale
the intrinsic profiles of each star in flux differently for the
two phases while keeping the profile shapes the same. The
best fit is achieved by scaling the intrinsic profile at phase
0.24 by 1.19 _+ 0.002 relative to the profile at phase 0.85. For
each of the three ISM components, we used the same veloci-
ties as determined from Mg II and included the two fine-
structure components (separation 1.33 km s-2) of the H I
and D I lines (as described in Paper I). The free parameters
included the H I column density, the D/H ratio, the Doppler
widths, and the relative strengths of the three velocity com-
ponents. We assumed the same D/H ratio for all of the ISM
components. The resulting fit was far from perfect. Our next
step was to include the G star contribution by using the
same shape but different scaling factors. Since the improve-
ment of the fit was marginal, we returned to the question of
the intrinsic shape of Lye emission; again we ignored the
contribution of the G star. This time we allowed our code to

search for the shape of the intrinsic stellar Lya emission line,
and we restricted only the curvature of the profile. The

TABLE 2

PARAMETERS FOR THE Mg II INTERSTELLAR LINES

Velocity bMg11
Star Figure (km s-1) (kin s-1) log NMglI Z 2

HR 1099 ...... 1 21.9 +_0.06 2.61 ___0.09 12.12 _+0.01 1.041
14.8 + 0.07 2.42 + 0.08 11.74 _+0.02 1.041
8.2 + 0.10 3.19 _+0.10 11.49 _+0.08 1.041

31 Corn ....... 6 -3.5 _+0.1 2.39 + 0.10 12.514 _+0.010 1.037
fl Cet .......... 8 9.1 _+0.1 2.46 _+0.08 14.245 _ 0.104 1.952

1.6 __+0.1 3.71 _+0.10 12.668 + 0.020 1.952
fl Cet .......... 9 (9.1) (2.46) (14.245) 2.442

3.4 __+0.3 (2.46) 12.425 + 0.026 2.442
-0.4 + 0.1 (2.46) 12.326 _ 0.031 2.442
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and total ISM absorption.

problem remains well constrained because the same shape

for the stellar emission line was used to fit both phases. We

also allowed the code to adjust the Doppler shift of the

intrinsic profile. The best fit was achieved by shifting the

intrinsic profile by -14.2 _ 0.1 km s -1 relative to its pre-

dicted position at phase 0.24. In this case, we obtained the

very good fit shown in Figure 3. Numerical experiments

confirmed the uniqueness of the solution, given the assump-

tions described above. Nonthermal velocity values were

determined individually for each component by comparing

the Doppler widths for H [ and Mg II and assuming that

both interstellar features are formed at the same tem-

perature.

In order to estimate errors of the derived parameters, we

followed two different approaches. First, we used Monte

Carlo techniques to find the random errors, which turned

out to be quite small. Most of the systematic errors are

related to the selected shape of the intrinsic Ly_ profile. Our

model ignores a possible contribution from the G star and a

time variation of the shape of the intrinsic profile. In addi-

tion, there are systematic errors associated with the deriva-

tion of the shape of Ly0t. We estimated those errors by

altering and fixing the intrinsic profile and recomputing the

other parameters. Table 3 contains the list of free param-

eters and our estimate of the sum of the random and sys-

tematic errors.

The final parameters for the HR 1099 line of sight (Table

3) for the radial velocity, temperature, and D/H ratio are

consistent with the parameter values for the other directions

in the LIC. Even more reassuring is the result that the

relative contributions of the three interstellar components,

derived mainly from the D i line (14%, 25%, 60%), are very

close to those determined from the Mg n h and k lines (11%,

29%, 59%). The 19% change of the Ly0t flux and the 14.2

km s- 1 shift of the intrinsic stellar line profile could result

from an inhomogeneous distribution of emission regions on

the surface of HR 1099.

4. OBSERVATIONS OF 31 COM_ fl CET, AND fl CAS

We have obtained moderate-resolution spectra of the

Lyet lines of 31 Com, fl Cet, and fl Cas. For 31 Corn and fl

Cet, we also have high-resolution EB spectra of the Mg n h

and k lines at 2802.705/_ and 2795.528/_, respectively. The

TABLE 3

S_Y oF FINAL P_Amm'm_ FOR Tim INTERSTELLARABSORPTION COMPONENTS

bn ! T

STAR- Observed LIC (kin s-_) (103 K)

D/H
(kin s-a) log NHI (10 -s) D/Mg n D(Mg)

HR 1099 ........ 21.9 ___2 23.4 11.5 +- 1.0
8.2 -I- 2 23A 11.1 ___1.0

14.8 +- 2 23.4 13.6 +__1.2
31 Corn ......... -4 ___1 --7.1 11.1 -t- 1.3

fl Cet ............ 8 + 2 8.2 10.3 ___2.2
1 +- 2 8.2 14.5 -I- 1.5

Cas ............ 10 ___1 9.5 11.0 _ 2.0

Capella .......... 22.0 +- 0.9 22.0 10.87 +- 0.28
Procyon • . ....... 20.8 + 1.5 19.8 10.83 + 0.15
ctCen b ........... --18.0___0.2 --15.7 9.5.--0.2
E Ind ............. -9.2 ___1.0 --8.9 11.9 ___0.3
2 And ............ 6.5 +- 1.0 7.6 13.8 +- 0.3
Sirius • . .......... 19.5 +__1.5 19.6 11.3 +- 1.3
G191-B2B _ . ..... 20.6 20.3 _, 10.9

G191-B2B d ...... 9.9 20.3 _ 12.4

7.8 +- 1.6 1.2 +- 0.2
7.3 +- 1.5 1.6 ___0.7

11.1 ___2.4 0.7 +- 0.2
7.5 ___1.8 < 1.5
6.6 +- 2.9 <2.0

12.7 +- 2.7 2.2 ___0.6
7.0 +- 3.0 ...

7.0 +- 0.9 1.6 4- 0.6
6.9 _+0.38 1.21 _+0.27
5.4 +- 0.5 1.20 +__0.25
8.5 + 0.5 (1.2)

11.5 _+0.5 (1.2)
7.6 + 3.0 +0.6_ 1.4_ 1.,

7.0 _ 1.6

_9.0 _2.5

17.9 +- 0.05 1.46 +- 0.09 8.8 +- 1.9 -- 1.36 __+0.15
17.2 ___0.10 (1.46 ___0.09) 7.0 +- 1.3 -1.29 + 0.18
17.6 +- 0.08 (1.46 +- 0.09) 10.5 +__1.7 -1.44 _ 0.16

17.95+__0.15 1.5-t-0.4 4.7---0.5 -1.03--,0.15
18.35 +- 0.10 2.2 _+ 1.1 0.35 _+0.25 +0.30 _+0.15
.16.77 +- 0.20 (2.2 +- 1.1) (0.35 +_0.25) (+0.30 +- 0.15)
18.18 _+0.13 1.6 _+ 0.4 ......

18.24 + 0.05 +o34_ 1.60_o.19 4.1 + 0.4 --1.07 + 0.05
17.88--,0.05 (1.6--,0.2) 5.2---0.7 --1.11.-,0.05
17.59 + 0.05 (1.6 + 0.2) 1.2 + 0.2 --0.46 + 0.05

18.0 + 0.1 1.6 + 0.4 ......

18.45 + 0.15 1.7 + 0.5
17.23 _ 0.20 (1.6 _ 0.2) 1.6 "'+-"0.8 --0.60"'_+0.26

18.27 1.4_+°:_ 5.9 --1.22

17.60 1.+°:_ 0.21 +0.09

" Component 1 (LIC).
b Average values for ct Cen A and B assuming that D/H = 1.6 x 10- s.

Component B (LIC).
a Component A.
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FIG. 4._HRS EB spectra of the Mg n h and k lines of 31 Com and fl Cet. The positions of the interstellar Mg n absorption lines are indicated with
vertical dotted lines.

Mg II spectra are shown in Figure 4, where the locations of
the ISM absorption lines are identified with vertical dotted
lines. We note that 31 Corn (l = 115 °, b = +89 °) samples
the line of sight to the north Galactic pole and fl Cet
(l = 111 °, b = -81 °) samples a line of sight near the south
Galactic pole. Neither line of sight was previously studied
with GHRS spectra.

The Mg n absorption fines seen toward fl Cet are remark-
ably broad and deep. Close inspection of the cores of these
features reveals that the absorption fines are not completely
black. However, because the less optically thick h line does
not show more residual flux in the absorption-fine core than

the more optically thick k line, we believe that the observed
residual flux is due to scattered light and that both the h and

k ISM absorption lines should be black at line center.
Although scattered light is less of a problem for the EB
grating than it is for the EA grating, some scattered light is
expected for EB at roughly the level seen in the Mg It
absorption-line cores of fl Cet (Cardelli, Ebbets, & Savage
1990; Cardelli, Savage, & Ebbets 1991). We corrected for

the scattere_ l_ght by subtracting a flux of 6.0 x 10-13 ergscm-2 s-1 -- from the entire spectrum before fitting the

absorption lines.
The Lya lines of 31 Corn, fl Cet, and fl Cas are displayed

in Figure 5. These spectra all show broad interstellar H I
absorption centered near 1215.7/_ and narrow interstellar
D I absorption near 1215.35 _k. Geocoronal emission is also

present in all these spectra and is marked in Figure 5 with
dotted lines. For the fl Cet and fl Cas spectra, the geo-
coronal emission is well separated from the sides of the
interstellar H I absorption lines, and can therefore be
removed by fitting Gaussians to the emission and then sub-

tracting the Gaussians from the data. For the 31 Corn spec-
trum, we had to use a different technique to remove the

geocoronal emission. We assumed that the interstellar H I
absorption line is symmetric about the ISM flow velocity
measured from the interstellar Mg n fines (see Fig. 4). We

then simply reflected the bottom of the blue side of the
absorption profile over to the red side of the absorption
profile in order to correct for the geocoronal emission. The
thick histogram in the 31 Corn spectrum in Figure 5 shows
the resulting profile.

For the 31 Corn and fl Cet spectra, there is no significant

flux present in the cores of the H I absorption lines after the
geocoronal emission is removed. For the fl Cas spectrum,
which is the only one obtained with the G140M grating,
there appears to be some positive flux present that we
attribute to scattered light. We removed this emission by

subtracting aflux of 8.5 x 10 -14 er_s cm -z s -1/_-1 from
the data between 1215.1 and 1216.1 A.

5. ANALYSIS OF THE LINE OF SIGHT TOWARD 31 COM

Our fits to the Mg n absorption lines for the 31 Com line

of sight are shown in Figure 6. Polynomials were used to
estimate the shape of the stellar Mg It emission line above
the interstellar absorption. The dotted lines in the figure are
the absorption lines before instrumental broadening, and
the thick solid lines are after instrumental broadening. The
data are very well fitted by a single absorption component.
The two Mg n lines were modeled separately. Random
errors were estimated for each fit by using Monte Carlo
techniques. We then averaged the fit parameters measured
for the two Mg n lines to produce the interstellar Mg n
parameters and 1 a errors listed in Table 2. This table lists
the central velocity, Doppler width parameter (bMgit), and
logarithmic Mg It column density (log NMg_t) for the 31
Com line of sight. The reduced zZ-value (Zz) for the Mg n
fits is also listed.
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When we compare the Mg IIk and Lye lines of 31 Com,
as we have just done for HR 1099, we also find excellent
agreement between the two profiles, at least for the parts of
the profiles uncontaminated by interstellar absorption.
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FIG. 6.--Fits to the interstellar Mg n absorption lines observed toward

31 Corn, with the residuals shown below the fits. The dotted lines and the
thick solid lines are the fits before and after convolution with the instru-

mental profile, respectively.

Thus, in our analysis of the interstellar H I and D I absorp-
tion lines seen toward 31 Corn, we use the Mg IIk line shape
as our initial model for the intrinsic stellar Lye profile. After
altering this profile slightly to maximize the quality of our
fit, we obtain the fit shown in Figure 7b. For this model, and
for all our other fits to the Lye lines of 31 Corn, fl Cet, and fl
Cas, we require the D I line to have the same velocity as the
H I line, and we force bDl = bH i/2 u2. This relation is exactly

true when there is no nonthermal broadening (i.e., _ = 0 km
s-_), which should be a good approximation because the

H I and D I lines analyzed in Papers I IV were found to be
dominated by thermal broadening. The parameters of the fit
in Figure 7b are given in Table 4, along with the parameters
of all our other fits to the Lye lines of 31 Com, fl Cet, and fl
Cas, which will be described below. The errors listed in

TABLE 4

PARAMETERS FOR POSSIBLE MODELS OF INTERSTELLAR ABSORPTION COMPONENTS

Velocity bn I D/H

Star Figure (km S -1) (kin s -1) log NHI (10 -5) Z2

31 Com ...... 7a -3.7 ± 0.4 12.5 __ 0.3 17.778 _+ 0.025 2.0 ± 0.3 1.027
31 Corn ...... 7b -3.9 __+0.4 11.8 ± 0.3 17.881 ± 0.017 1.6 ± 0.2 0.923

31 Corn ...... 7c -4.0 ± 0.4 5.7 ± 1.9 18.154 ___0.010 1.5 + 0.9 1.164

Cet ........ 10a 9.1 ± 0.3 12.7 _ 0.5 (18.200) 2.9 ± 0.2 1.257

(1.6) 16.8 ± 0.3 (16.623) (2.9) 1.257

fl Cet ........ 10b 7.2 ± 0.4 9.7 _+ 1.4 18.388 ± 0.007 2.1 ± 1.0 1.057

(-0.3) 13.8 ± 0.7 (16.811) (2.1) 1.057

fl Cet ........ 10c 7.6 ± 0.5 6.9 ± 1.1 18.477 ± 0.006 4.1 ± 2.4 1.134

(0.1) 13.3 ± 1.0 (16.901) (4.1) 1.134

fl Cet ........ 11 6.5 ± 0.3 11.3 _+ 0.7 18.388 ± 0.007 1.5 __ 0.2 1.103

(0.8) (11.3) (16.568) (1.5) 1.103

(-2.9) (11.3) (16.469) (1.5) 1.103

fl Cas ........ 12a 11.0 ± 0.2 13.9 ± 0.1 (18.000) 2.5 + 0.1 1.551

fl Cas ........ 12b 10.2 ± 0.2 11.2 ± 0.4 18.231 ± 0.007 1.3 ± 0.1 1.010

fl Cas ........ 12c 10.2 ± 0.2 8.7 ± 0.9 18.343 ± 0.006 1.1 ± 0.3 1.505
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FIG. 7.--Three fits to the interstellar H I and D I absorption lines
observed toward 31 Corn, with an increasing value of the measured H I

column density from (a) to (c). The dotted lines and the thick solid lines are

the fits before and after convolution with the instrumental prone, respec-
tively.

Table 4 are the 1 a random errors of our measurements,
which have been computed by using Monte Carlo tech-
niques.

Although the assumed stellar Lye profile in Figure 7b
appears to be a fairly accurate representation of the real
profile, it is important to recognize that one does not have
to alter this profile very much to obtain significantly differ-
ent model parameters, especially because interstellar
absorption lines are generally not fully resolved in
moderate-resolution GHRS spectra and the interstellar H i
optical depth is _ 105. Thus, in our analysis of the Lye lines
of 31 Corn, fl Cet, and fl Cas, we experimented with stellar
line profiles that have been altered from our initial model
profiles, and some of the fits resulting from these experi-
ments are presented here. This approach will allow us to
estimate the systematic errors introduced into our analysis
by uncertainties in the intrinsic stellar emission line profiles.

For 31 Corn, Figure 7a shows a stellar Lye profile that
results in a model with an interstellar H I column density
lower than that computed in our initial model shown in
Figure 7b. The parameters for these fits are given in Table 4.
Figure 7c shows a stellar Lye profile that produces a fit to
the data with a higher H I column density. The models

shown in Figures 7a and 7c are both fairly good fits to the
data, but these models and the assumed stellar profiles have

problems that lead us to consider these models unaccept-
able.

Considering first the fit to the data shown in Figure 7a,
we note that the H I Doppler parameter of this model
(12.5 _+ 0.3 km s- 1) is higher than the Doppler parameter of
our initial model (11.8 + 0.3 km s-l; see Table 4). This is
because both the Doppler parameter and the column
density play a role in broadening the H I absorption line:
since the column density of the model in Figure 7a is lower
than our initial model, the Doppler parameter must be
increased to a value larger than that of our initial model in
order to produce an H I absorption line that is broad

enough to match the data. However, the Doppler param-
eter suggested by the model in Figure 7a is inconsistent with

the Mg Ii Doppler parameter (bM_ii ----2.39 + 0.10 km s-1).
The Mg N Doppler parameter suggests a maximum tem-
perature of about 9100 K, but the H I Doppler parameter of
the model in Figure 7a suggests a temperature of about
9500 K, assuming that the nonthermal broadening, 4, is 0
km s- 1. (Note that assuming _ > 0 km s-1 only makes the
discrepancy larger.) We consider the model in Figure 7a to
be unacceptable, and we consider log NHI = 17.778 to be a
lower limit to the actual column density.

In order to produce a model with a larger H I column
density than that shown in Figure 7b, bH_must be decreased
in order to prevent the H I absorption from becoming too
broad. For the model shown in Figure 7c, bH_ has been
decreased to only 5.7 _+ 1.9 km s-1, which suggests a tem-
perature no higher than 3500 K and probably lower than
2000 K. This is a very suspicious result, considering that the
lowest LISM temperature ever measured for any line of
sight toward a nearby star is T = 5400 + 500 K for the
Cen line of sight (see Paper III). The Mg II Doppler param-
eter for the 31 Com line of sight does not indicate unusually
low temperatures, so we consider the LISM temperature
implied by the fit in Figure 7c to be unreasonable and there-
fore consider the fit unacceptable.

Considering the fits in Figure 7 (and others not
presented), we use the type of reasoning expressed in the
previous two paragraphs to derive our best estimates of the
ISM parameters and their errors for the 31 Com line of
sight. These final results, which will be discussed in detail in
§ 8, are presented in Table 3.

6. ANALYSIS OF THE LINE OF SIGHT TOWARD _ CET

The interstellar Mg II absorption lines observed toward fl
Cet are shown in Figure 8. The obviously asymmetric
appearance of these lines requires that more than one
absorption component be present. A two-component fit is
shown in the figure. In order to maximize the accuracy of
the fit, we have fitted the h and k lines simultaneously. The
parameters of the two-component model are listed in Table

2. The primary component is located at a velocity (9.1 __ 0.1
km s - 1) consistent with the velocity predicted for this line of
sight by the LIC flow vector (8.2 km s-1). This component
also has a Doppler parameter that is very similar to Mg ii
Doppler parameters measured for other lines of sight
through the LIC, including that measured toward 31 Com.

However, the column density of this LIC component (log

NMgII = 14.245 __ 0.104) is remarkably high, well over an
order of magnitude larger than any other Mg II column
density measured from GHRS data for a line of sight
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through the LIC. The problems thiscreatesbecome evident

only afterthe H Icolumn densityismeasured (see§8.4).We
triedto reduce the totalcolumn densityof our model by

separatingthe primary component into two components.
However, neitherofthe two resultingcomponents was at

the LIC velocity,both had Doppler parametersnear 1.6km
s-I, which islower than any previouslymeasured Mg n

Doppler parameter,and the totalcolumn densitywas only

reduced by a factorof 2.Thus, we do not consider this

model tobe an improvement overthe fitinFigure8.
The second component seen in Figure 8 has a suspi-

ciouslylarge Doppler parameter (bMgli = 3.71_ 0.10 km
s-X). In Figure 9, we show that this component can be
separated into two components that have the same Doppler
parameters as the primary component. The parameters of
this fit are also given in Table 2. Note that the parameters

listed in parentheses in Tables 24 are fixed rather than
derived parameters. For the three-component fit in Figure
9, we forced one of the components to have identical param-
eters to the primary component of the two-component fit in

Figure 8, and we forced the Doppler parameters of the other
two components to be the same as that of this primary
component.

For our fit to the Ly_ line of fl Cet, we adopted, as our
initial estimate for the intrinsic stellar profile, the Lya
profile used in Paper I for the G8 star of the Capella binary

system. We do this because fl Cet is considered to be very
similar to Capella's G8 star in many ways (see, e.g., Ayres
1988). We initially used the two-component ISM model
suggested by the Mg II fit in Figure 8 as a guide in produc-
ing an analogous two-component fit to the Ly_ line. We
assumed that the velocity separation between the two com-

ponents is the same as in the fit in Figure 8, and we assume
that the difference in H I column density is the same as the

difference in Mg II column density. We also assumed that
both components have the same D/H ratio. Our initial fit to
the data is shown in Figure 10b. The H I and D I absorption
from the primary interstellar component is shown as a
dotted line in the figure, the absorption from the secondary
component is shown as a dot-dashed line, and the com-
bination of the two components is shown as a thick solid
line. The parameters of the model are given in Table 4.

Figure 10 is analogous to Figure 7 in that we have altered
the assumed stellar profile in order to obtain fits to the data
with lower and higher derived H I column densities than
our initial fit. These fits are shown in Figures 10a and 10c,

and the parameters of these models are also given in Table
4. The stellar profile shown in Figure 10a was designed to
produce a fit with the required value of log NH_ = 18.2. The
resulting model is a reasonable match for the data, but this
model suffers from the same problem as the 31 Com fit in
Figure 7a--the H I Doppler parameter of the primary com-
ponent (ba_ = 12.7 _ 0.5 km s-l) suggests an ISM tem-
perature (T _ 9800 K) that is too high when compared with
the upper limit of T < 9500 K suggested by the Mg n
Doppler parameter (bMg, = 2.46 _+0.08 km s-1). Thus, we
do not consider the fit in Figure 10a to be acceptable, and
we therefore consider 18.2 to be a lower limit for log NH i.

The fit in Figure 10c suffers from the same problem as the
31 Corn fit in Figure 7c. The primary component's H I
Doppler parameter is only bni = 6.9 _+ 1.1 km s -1, which

suggests a temperature no higher than 3900 K and probably
lower than 3000 K. We believe that this temperature prob-
ably is unreasonably low. Close inspection of the fit in

Figure 10c reveals that the H I absorption of the model is
still a bit broader than the data, despite the very low

Doppler parameter. This problem becomes even more
evident for models with even higher H I column densities
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FIG. 10.--Three two-component fits to the interstellar H I and D I
absorption lines observed toward fl Cet, with an increasing value of the
measured H I column density from (a) to (c). The dotted lines and dot-
dashed lines are the two H I + D I absorption components, and the thick
solid lines are the convolution of the sum of the components with the
instrumental profile.

(and lower H I Doppler parameters). For all these reasons,
we consider the model shown in Figure 10c to be only

marginally acceptable at best.
The two-component models in Figure 10 are all based on

the two-component fit to the Mg n fines in Figure 8. In

Figure 11, we show a three-component fit to the Lyct line
that is based on the three-component Mg II fit in Figure 9.

The parameters of the model are given in Table 4. The
velocity separations of the components and their relative
column densities were required to be the same as those
measured in the Mg n fit in Figure 9. We also forced the
three components to have the same Doppler parameter,

analogous to what was done for Mg n.
Based on the fits in Figures 8-11, we determine our best

estimates for the parameters of the primary component
(which represents matter in the LIC) and assign errors to
these parameters. The final results are listed in Table 3. We
also list the parameters of the second ISM component for

the fl Cet line of sight, assuming that the two-component
model of Figures 8 and 10 is valid. The values and errors
listed in Table 3 are discussed in detail in § 8, but we do note
here the large uncertainty in the D/H ratio for the fl Cet line
of sight. The reason for this large error is evident from the

large variation in the D/H ratio measured for the fits in
Figures 10 and 11, and from the large random errors in the
D/H ratio measured for the fits in Figures 10b and 10c. For
all other lines of sight that have been analyzed by using
GHRS data to date, the error in the D/H ratio has been

dominated by the error in the H I column density rather
than the D I column density. This is not true for the fl Cet
line of sight. It is not possible to determine the optical depth
of the line accurately, because the D I absorption line is
deep and not fully resolved in our G160M data. Since the
D I lines of 31 Corn and fl Cas are not as deep, we can
measure the optical depths and column densities for those
lines more accurately, even though the lines are not fully
resolved.

7. ANALYSIS OF THE LINE OF SIGHT TOWARD fl CAS

We have no observations of the Mg I1 lines of fl Cas, and
there are no previously derived stellar Lya profiles for a star
with a spectral type similar to fl Cas (F2 III-IV). Since we
must start somewhere in order to analyze the interstellar H I
and D i absorption lines of fl Cas, we start with the profile
used in Paper III for a Cen A (profile model 2A, to be exact),
which is a G2 V star. The Wilson-Bappu effect (Wilson &
Bappu 1957) is a strong correlation between the widths of
chromospheric lines like Ca II, Mg n, and Lya and the
absolute stellar magnitude. The Mg II fines of fl Cas are
expected to be 65% broader than those of a Cen A, based
on the Wilson-Bappu correlation of Vladilo et al. (1987).
We assume that the same is true for Lya and broaden the
Cen A Lya profile by 65% before attempting our first fit to
the Lya fine of fl Cas. We found, however, that we had to
alter this profile greatly in order to maximize the quality of
the fit, and the resulting profile and our initial fit to the fl
Cas data are shown in Figure 12b.

Once again, we altered the assumed stellar profile to
produce models with lower and higher H I column densities.
These models are shown in Figures 12a and 12c, and the

corresponding parameters are given in Table 4. The stellar
profile shown in Figure 12a was designed to produce a
model with log N n I = 18.0, and for the fit in Figure 12a, we
have in fact forced log Nnx to be 18.0. However, the
resulting fit is not a very good match for the data, because
the sides of the H i absorption line are too steep. This
problem becomes even more obvious for models with even
lower H I column densities. Thus, we consider 18.0 to be a

lower limit for log Nn i. The model shown in Figure 12c is
also not a particularly good match to the data because the
H I absorption is too broad and the D I absorption is
noticeably narrower than the data. Thus, we believe the H I
column density must be lower than the log NHI---- 18.343
value measured from the fit in Figure 12c. The results of our

fl Cas analysis are summarized in Table 3, together with the
results of the 31 Com and fl Cet analyses.

8. DISCUSSION AND CONCLUSIONS

As mentioned in § 1, Papers III and IV showed that
absorption from "hydrogen walls" surrounding the Sun
and other stars may be contributing to the observed H I
absorption. For the lines of sight analyzed in this paper, we
were able to model the Lya absorption without such an
absorption component. This does not mean, however, that
hydrogen wall absorption is not present. High-resolution
Ech-A observations of Ly_ are necessary to detect the small
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FIG. ll.--A three-component fit to the interstellar H i and D I absorption lines observed toward fl Cet. The dotted, dashed, and dot-dashed lines are the

three H I + D I absorption components, and the thick solid line is the convolution of the sum of the components with the instrumental profile.

temperature and velocity discrepancies between D I and H I
used in Papers III and IV to infer the presence of the hydro-
gen walls. Since we have only moderate-resolution spectra
for 31 Com, fl Cet, and fl Cas, we are unable to search for
hydrogen wall absorption along these lines of sight. We do
have an Ech-A observation of Lye for HR 1099, but unfor-
tunately the Mg II data suggest at least three interstellar
components. Thus, our Lye fit necessarily has a large
number of free parameters, which will allow us to fit the
data even if there is some absorption from an undetected
hydrogen wall.

Since absorption from undetected hydrogen walls may be
a significant source of systematic error in our analysis, it is
useful to assess the possibility that this absorption is impor-
tant. We define 0 to be the angle between a line of sight and
the upwind direction of the local interstellar flow vector
(assumed to be the LIC vector from Lallement et al. 1995).
For the lines of sight to HR 1099, 31 Corn, fl Cet, and fl Cas,
we compute 0 = 155 °, 73 °, 109 °, and 112 °, respectively. We
now make several assertions relevant to the likelihood of

there being contaminating hydrogen wall absorption in our
data:

1. We would expect the solar hydrogen wall absorption
to be most evident in upwind directions (e.g., 0 < 90°),
because the density enhancement of the wall, and the veloc-
ity separation between the wall and ISM absorption, should
be greatest in that direction. Only 31 Corn lies in such a
direction, but only marginally so with 0 -- 73 °. Since the
redshift of warm H i in the wall is proportional to cos 0, it
would be very difficult to detect solar hydrogen wall
absorption even toward 31 Com.

2. The relatively large interstellar H i column density
observed toward fl Cet would make it difficult to detect any
solar or stellar hydrogen wall absorption.

3. It is likely that HR 1099 and 31 Com lie in the hot
ionized phase of the ISM, rather than inside warm neutral
clouds like those that envelop the Sun (see § 8.5 below).
Thus, it is unlikely that these stars are surrounded by
neutral hydrogen walls.

Based on these considerations, we believe that our 31 Corn
data are the most vulnerable to contamination from solar

hydrogen wall absorption, and that our fl Cas data are the
most susceptible to a stellar hydrogen wall absorption com-
ponent. It is impossible to be more precise than this with the
moderate-resolution data in hand.

Table 3 summarizes the results obtained in this paper
concerning the lines of sight toward HR 1099, 31 Corn, fl
Cet, and fl Cas. We also list the results previously obtained
in Papers I-IV concerning the lines of sight toward Capella,
Procyon, _ Cen (the average values for the two stars in the

system), E Ind, and 2 And, as well as the results obtained for
Sirius and G191-B2B by Lallement et al. (1994, 1995),
Bertin et al. (1995), and Lemoine et al. (1996). For these last
two stars, we list the components at the LIC velocity, and
for G191-B2B we also list data for the 9.9 km s -1 com-

ponent (component A). All quantities in parentheses are
assumed values. The hydrogen column densities and the
corresponding magnesium depletions for Sirius, Procyon,
and _ Cen are derived from the measured D I column den-

sities and the assumed D/H ratio. The uncertainty in the
assumed D/H ratio for these three stars was set to include
the derived D/H ratios for all of the stars in the table, except
for the very uncertain value for fl Cet.

8.1. Line-@Sight Velocities

Lallement & Bertin (1992) and Lallement et al. (1995)
have found that nearly all lines of sight toward nearby stars
show Mg II and Fe II absorption at velocities consistent
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with a flow vector in the heliocentric rest frame with a

magnitude of 26 _ 1 km s- 1 moving toward Galactic coor-
dinates l = 186 ° _ 3° and b = -16 ° _ 3°. The projected
LIC flow vector velocities toward the stars of interest are

listed in the third column of Table 3. These predictions
indicate that the 21.9 _ 2 km s-1 component toward HR
1099, the 8 _ 2 km s-1 component toward fl Cet, and the
one known component at 10 _ 1 toward fl Cas are formed
in the LIC. However, the one observed component in the
line of sight to 31 Com at -4 + 1 km s -1 is inconsistent
with the LIC projected velocity. Thus, the components with
the largest column densities toward three of the four stars in
our sample are consistent with the LIC flow vector.

Of the four stars studied in this paper, only 31 Com, the
star located at the north Galactic pole, shows its main
absorption at a velocity inconsistent with the LIC flow
vector. The sample of stars used in deriving the LIC vector
(Lallement et al. 1995) did not include any stars at high
Galactic latitudes. One of the velocity components of fl Leo
(l = 251 °, b = +71 °, d = 12.2 pc) is possibly related to the
LIC, but the velocity difference from the LIC ( + 2.3 km s- 1)

is high. Since we find that the measured velocity toward 31
Com is 2.7 km s-1 relative to the projected LIC velocity,
there is evidence that, at very high Galactic latitudes, either

the LIC extends for only a very short distance (as suggested
by Lallement et al. 1995), and another cloud provides nearly
all of the interstellar absorption, or the LIC does not show
rigid-body motion at these latitudes. On the other hand, fl
Cet located at b = -81 ° shows absorption at the projected
LIC velocity as does 0_PsA located at b = -65 °, which
Lallement et al. (1995) used to determine the LIC flow
vector. Thus, the LIC flow vector appears to be valid for
lines of sight near the south Galactic pole (but see § 8.4).

8.2. Temperatures and Turbulent Velocities

The inferred temperatures for the matter flowing with the
LIC velocity vector toward nearly all of the stars listed in
Table 3 are consistent with a temperature of about 7000 K.
The only exceptions are E Ind and 2 And, stars for which we
do not have Mg II or Fe II spectra and thus cannot deter-
mine whether there is more than one velocity component in
the line of sight. The most accurately determined tem-
peratures are for the Capella and Procyon lines of sight, for
which the cited errors are a linear sum of random and

systematic errors. Likewise, the turbulent velocities for the
lines of sight through the LIC are consistent with ¢ in the
range 1.0-1.6 km s -1. Thus, the LIC appears to have a
small range of temperature and turbulent velocity.

8.3. D/H Ratios

The D/H ratios for the four stars in this study and the
other stars listed in Table 3 are all consistent with the most

accurately determined values toward nearby stars described
in Papers I-IV. In particular, they are consistent with the
value of D/H 1 gt_+o.14...... o.19 x 10 -5 toward Capella (Papers I
and II) and D/H = (1.6 _ 0.4) x 10 -5 toward e Ind (Paper

IV). The value for Capella includes the cited random error
of _+0.09 x 10 -5 and the systematic error of +o.O5_o.lox 10- 5
due to the uncertain intrinsic stellar Lyct line profile shape.
Thus, the evidence is increasing that there is a single value
of the D/H ratio in the LISM with an uncertainty or range
of less than 15%, although Lemoine et al. (1996) suggest
that the D/H ratio in component A (9.9 km s-1) toward
G191-B2B may be slightly smaller than 1.6 x 10 -5.
Detailed studies of additional lines of sight are needed to
determine whether the D/H ratio varies in the LISM.

8.4. Gas-Phase Abundance of Mg

The analysis of Lallement et al. (1994) demonstrated that
Mg ii is the dominant ionization state of magnesium in the
LISM. Our results show that the gas-phase abundance of
Mg n varies considerably in the LISM. Table 3 lists the
logarithmic depletions of Mg n, defined by D(Mg) = log

(NMglI/NHI) --log (Mg/H)e, where the solar abundance of
magnesium is log (Mg/H)o = --4.41 (Anders & Grevesse
1989). Note that these depletion values assume that all
hydrogen in the LISM is neutral. The ionization state of the
LISM is highly uncertain, however, and it is possible that
more than half of the hydrogen is ionized (see, e.g.,
Lallement et al. 1994), in which case the depletion values in
Table 3 might be too large by 0.3 dex or more. We find that
D(Mg) ranges from the overabundant value of 0.30 + 0.15
toward fl Cet to the very underabundant value of
-1.44 _+ 0.16 for the 14.8 km s-1 component toward HR
1099, which represents a variation of more than a factor of
50. The large variations in D(Mg) strongly imply that the
very wide range in the D/Mg II ratio seen in Table 3 (from
0.35 _+ 0.25 for fl Cet to 10.5 + 1.7 for the 14.8 km s -1
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component for HR 1099) is due to variations in Mg rt rather

than D I. This supports our conclusion that the D/H ratio is

nearly constant in the LISM.

The D(Mg) values for gas moving with the LIC velocity

vector lie in the range -0.90 + 0.10 to - 1.36 + 0.15 for all

lines of sight except for fl Cet. The a Cen line of sight shows

a significantly larger Mg II abundance, as indicated by

the small D/Mg II ratio (1.2_ 0.2) and small depletion

D(Mg) = --0.46_ 0.05. Similar results are seen for the

Fe tt abundance (see Paper III). This result is consistent

with, Cen lying inside a cloud (the G cloud of Lallement &

Bertin 1992) with different properties than the cloud in

which the Sun resides (the AG or LIC cloud; Lallement et

al. 1995). Besides having higher metal abundances than the

LIC, the G cloud also appears to have a slightly different

flow vector (Lallement et al. 1995) and a lower temperature

(Paper III) than the LIC.

Except for the fl Cet line of sight toward the south Galac-

tic pole, the depletion of Mg for all directions in the LIC is

consistent with D(Mg) = - 1.1 _ 0.2, which is in the middle

of the range (from -0.59 to - 1.57) found by Sofia, Cardelli,

& Savage (1994) for warm gas in longer lines of sight

through the Galaxy. The much larger value of D(Mg) seen

at the LIC velocity toward fl Cet may indicate that there are

one or more clouds with the same projected flow velocity as

the LIC cloud along this line of sight, but with much larger

Mg abundances. The 9.9 km s -1 cloud toward G191-B2B

also shows essentially no Mg depletion.

The fl Cet,, Cen, G191-B2B, and perhaps Sirius lines of

sight demonstrate that metal abundances in the LISM are

remarkably inhomogeneous, since the Mg abundance

apparently varies by over an order of magnitude over dis-

tances of only a few parsecs. The cause of these variations is

subject to interpretation, but perhaps for these lines of sight,

the interstellar gas has been shocked recently, removing

magnesium atoms from dust grains and increasing the Mg

abundance relative to other lines of sight.

8.5. The Small Hydrogen Column Density toward the North

Galactic Pole

Despite the 80 pc line of sight, the hydrogen column

toward 31 Com is only log Nri_ = 17.95 + 0.15, corre-

sponding to a mean hydrogen density (nnx)= 0.0034

cm -3. Since the mean hydrogen density toward 31 Com is

roughly a factor of 30 smaller than in the solar environ-

ment, most of the line of sight toward 31 Com is essentially

devoid of neutral hydrogen and probably contains hot low-

density gas. The analysis of the EUVE spectra of the hot

white dwarfs HZ 43 and GD 153, which are located at

about 65 pc at similar Galactic latitude b = 84 °, provides

hydrogen column densities (Dupuis et al. 1995) that are

similar to that toward 31 Com. Thus, the line of sight

toward the north Galactic pole appears to be a low hydro-

gen column density patch in the sky, like the "interstellar

tunnel" toward E CMa (Gry et al. 1995; Welsh 1991). We

note that the mean hydrogen density toward HR 1099 is

also very low ((nil1) = 0.012 cm-a). At a distance of 36 pc,

HR 1099 probably lies well outside the local neutral cloud,

and the low H I column density suggests that HR 1099, like

31 Com, probably lies within the hot ionized phase of the

ISM.
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